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SUMMARY 

An analytic  investigation  of  the  theoretical combustion temperatures 
and the  air-specific-impulse performance  of slurries of boron in octene-1 
and blends of pentaborane in octene-1 was conducted  over a range of inlet- 
air temperatures, combustion pressures,  equivalence  ratios,  and  boron  or 
pentaborme  concentrations. Combustor inlet-air temperatures of looo, 
5000, and 900' F w e r e  considered at a coldbustion pressure of 2 atmos- 
pheres. A combustion pressure of 0.2 atmosphere was also considered at 
an inlet-air  temperature of looo F. Concentrations of boron or penta- 

air-specific-impulse  data  pertain  to  nozzle  expansion a t  fixed-composi- 
t ion.  The effects  of variation  in  inlet-air   temperature,  conibustion pres- 
sure, and boron or pentaborane  concentration on combustion  performance 
were discussed. 

c 

4 borane i n  octene-1  varying from zero t o  100 percent were considered. The 

Methods were devised  for  extrapolating or interpolating  the data t o  
inlet-air  temperatures and  couibustion pressures  other than those  pre- 
sented. Because of the  vaporization of boric  oxide, the data herein  for  
combustion temperatures between 2400' and 3400° R and air specif ic  im- 
pulse between 134 and 144 seconds are applicable only for a combustion 
pressure of 2 atmspheres. It was  shown  how the  theoret ical   data   herein 
could  be employed in obtaining  the combustion efficiency of experimental 
combustors.  Likewise, it was shown how the   re la t ive  consumptlon of boron 
s lu r r i e s  or pentaborane  blends in  various  concentrations  required  for a 
fixed engine thrust   ' level  could  be found. Data were presented  by which 
combustion efficiencies  obtained  with a water-quench heat  balance  could 
be  adjusted  for  the  heat of dissociation of the combustion products. 

INTRODUCTION 

The  demand for increased engine thrust or greater operating  range 
in  proposed a i r c ra f t  has led to  the  consideration of special fue ls   for  
air-breathing  engines.  Fuels  that promise gabs in   e i the r   J e t   t h rus t  
or  range .over  conventional  hydrocarbon fue l s  have become known - 
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col lect ively as the  high-energy  jet-engine  fuels. The s u i t a b i l i t y  of 
some of these  fuels  for  certain  applications has been extensively i n -  
vestigated (refs. 1 t o  4). 

The theoret ical  combustion  performance of a variety of high-energy 
fue ls  has been  determined  both as a guide in  dlrecting  experimental 
research and as a means of evaluating the experimental data (refs.  5 
and 6 ) .  In  reference 5, the theoret ical  combustion performance of the 
high-energy  fuels was considered  over a range of  fuel-air   ra t ios   for  
a single  combustor i n l e t - a i r  temperature  and  pressure. I n  reference 6 ,  
the theoret ical  combustion  performance of many of these  fuels was in- 
vestigated  over  a range of inlet-air  temperatures and pressures. 

Two of the fuels   invest igated  in   these  analyt ic   s tudies ,  boron  and 
pentaborane, have drawn at tent ion because  they  offer  galns  over hydro- 
carbon f u e l s  i n  f u e l  econmy and a i r c r a f t  range. The very high reac- 
t i v i t y  of pentaborane with a i r   ( re f .  4) has also directed  interest  
toward new propulsive  cycles and new combustor designs that have not 
been feas ib le  with hydrocarbon fuels  . 

Because of the po ten t i a l i t i e s  of both boron  and  pentaborane, the 
analytic  investigation of the i r  combustion  performance  over a range of 
i n l e t - a i r  temgeratures and  combustion pressures (ref. 6)  has been  ex- 
tended in  the  present  report  to  include  mixtures of  any desired concen- 
t r a t ion  of these  materials  in a hydrocarbon,  octene-1. 

Values of  theoretical  combustion. temperature and air specif ic  im-  
pulse are presented for a combustion pressure of 2 atmospheres,  equiva- 
lence  ra t ios  from 0.1 t o  1.0, and inlet-air temperatures of 1oO0, 5000, 
and 9000 F. Combustion terqperature and air-specific-impulse  data  are 
also shown fo r  a combustion pressure of 0.2 atmosphere, an inlet-air 
temperature of 1000 P, and equivalence  ratios f rom 0.7 t o  1.0. Char ta  
are presented  for  extrapolating and interpolat ing  to   inlet-ai r  t q e r -  
atures and pressures  other  than  those  included i n  the calculations. The 
me of these c-ts in  evaluating  experimental data is shown. 

The combustion-temperature data reported  herein were celculated by 
a method described in   reference 7. Equations  involving mass balance, 
heat  balance,  pressure, and  chemical equilibriums  of solid, liquFd, and 
gaseous  molecules were solved  simultaneously. The necessary  thermal 
data   for  the products of combustion were taken f r o m  tables in  reference 7. 

The determination  of-the combustion temperature was simplified by 
making the following ass~urrptions: (1) All fuels were pwe; 
composed of 3.78 moles of nitrogen  to  every mole of oxygen; 
outlet   velocity was negligible BO that the combustion s t a t i c  temperature 
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and the combustion t o t a l  temperature were equal; ( 4 )  all gases were 
ideal; (5) combustion was  adiabatic; (6) a l l  products  of couibustion were  
i n  thermal and chemical equilibrium; and (7) the volume occupied  by any 
so l id  or  l i qu id  combustion products was negligible. 

Since the theoret ical  combustion-temperature data herein assume 
negligible  combustor-outlet  velocity,  they may require  adjustment  before 
being conrpared with experimental data obtained i n  combustors having 
appreciable inlet or  outlet   velocit ies.   In appendix B i s  discussed a 

F 
tr) m 
Eu method for  making this adjustment. 

In the following  tabulation is presented the lower heat of combus- 
t ion  of each f u e l  component. From the heat of CombU6tiOt1, the enthalpy 
assigned t o  each f u e l  component was determined for  use  i n  the  equations 
of heat  balance: 

a 

Fuel Phase of Lower heat Phase Formula 
O f  C a b u s -  combustion 
t i o n p  products 
49 

B t u/lb 

Octene-1 Liquid C8%6 b18,999 . 

Penta- 
cB2"3) cr '25,104 Cry6 tal B Boron 
(HZOIg, (COZ)@; 

borane (Ego) g, (B203? cr '23,127 Liquid B5% 

EnthaJ-PY 
assigned, 

kcal/mole 
($If 

1263.28 
173.38 

ll87.18 

&Both fuel and  combustion products at 298.16O K. 
bHeat of vaporization, 158 Btu/ lb  f r o m  ref. 8; heat of combustion 

CComputed *om heat of formation i n  ref. 10. 

~~ 

of gaseous  octene-1 from ref. 9. 

Because the enthalpy  assigned is consistent wfth the arbitrary base o f .  
the tables in   reference 7, it gives no indication of the heat liberated 
i n  combustion. 

The following  substances were .considered as possible combustion 
products i n  the computation  of  combustion  temperature; they were gaseouf 
except  as  noted: 
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Octene-1 x x  x x 
Boron x x  
Pentaborane x x X 
Pentaborane 

blends or 
boron 
s lur r ies  x x x x 

&solid, l iquid,  and gas. 

Gbustion ' D oduc t - 
B 

I 

X 
X 

X - 

e 

- b  

Fsom the  conbustion temperature and conditions at the  exhaust- 

. -. 

nozzle t b o a t ,  it is  possible   to  compute a parameter that w i l l  express 
the  theore.tical t h r u s t  performance of' the f u e l .  A suit@ble  parameter. 
that has been employed for both  theoretical  and actual  jet-englne  fuel 
performance is a i r   spec i f i c  impulse, or total stream momentum per pound 
of air, evaluated at the  condition of sonic  flow (symbols are defined 
i n  appendix A) : ". " 

b 

where .. 

or 

A i r  specific impulse can also be expressed as 

where r is  an ef fec t ive   ra t io  of specific  heats.  
- 

Another f u e l  performance  parameter is fue l  weight specific inrpulee, 
an index of  f u e l  economy: 

L 

V 
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-om the relat ion 

the  net   internal t h r u s t  of aa engine  can be determined. The function 
(P(M) relates stream t h r u s t  at any s t a t ion  to stream  thrust a t  a sta- 
t ion  having a Mach  number of unity  (see appendix C ) .  When the r a t i o  
Pg/P3 or p5/pq i s  specified f o r  isentropic expansion  within the 

PC 

m 2 nozzle, the value of % can be determined as shdwn i n  appendix C. 

An exhaust-nozzle-throat temperature t$ was determined  approxi- 
mately  by computing an  isentropic expansion from the conibustion temper- 
ature and pressure over a pressure r a t i o  of 2. The following assumptions 
were made concerning the process of expansion i n  the nozzle: (1) Corqo- 
s i t i o n  was fixed during expansion; (2) volume occwied by condensed 
materials was negligible; and (3) condensed matePiaJ.6 were i n  thermal 
and velocity  equilibrium with the gas phase. The following equation 
was then used t o  calculate the Jet   velocity V4: 

1 

4 

The air specific inrpulse was then 

Both the jet velocity V, and the exhaust-nozzle-outlet tempera- 
ture  ta determined for an expansion r a t i o  of  2 differed slightly from 
those act- existing wlth sonic flow (V* and t*) . The error   in-  
troduced  into the air specific impulse by assuming k h a t  the pressure 
r a t i o  of 2 gave sonic flow was 0.5 percent or less (ref. ll). No cor- 
rect ion w&s made t o  air specific impulse fo r  this error. 

The assumption  of fixed or  frozen  composition during expansion 
results i n  values of air specific iqulse which d i f fe r  somewhat  *om 
those  obtained by assuming chemical  equilibrium during expansion. In 
appendix D, the performance resulting from expansion with fixed compo- 
s i t i o n  is compared with that obtained wlth equilibrium  composition f o r  
a single f u e l  and inlet condition. The magnitude of the correction t o  
air 6pec.lfi.c imgulse for appreciable  combustor-outlet  velocity at a 

.I typical combustar-inlet condition is discussed i n  appendix B. 

J 
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DISCU3SIObT 

In figures 1 to  4 are presented the ef fec ts  of conbustor-inlet 
conditions on tbe theoret ical  cmibustion  performance of the f o l l o w h g  
fue ls  and fuel  mixtures: octene-1,  30-percent-boron slurry,  60-percent- 
boron slurry, boron,  30-percent-pentaborane  blend,  60-percent-pentaborane 
blend, and pentaborme. 

Combustion Temperature 

The variation in theoret ical  coaibustion temperature d t h  equivalence 
r a t i o  and inlet-air  temperature  for  each of the f u e l s  and f u e l  mixtures 
at a combustion pressure of 2 atmospheres is presented  in  f igure 1. As 
can be seen in   f igure  1, there is a reduct ion  in  the rate of increase 
of  cambustion  temperature as the  equivalence  ratfo i s  increased. Alao, 
the benef i t   to  combustion temperature of  an  increase  in inlet-a-lr tem- 
perature  diminishes at higher equivalence  ratios. These e f fec ts  are 
caused by increased  specific heats and the  presence of dissociated 
products a t  the higher teupwatwes.  The inf lect ion of the curves fo r  
the  boron-containing  fuels (figs. l ( b )   t o  ( g ) )  is due to  the change of' 
the  boric  oxide B203 from l i q u i d  t o  gaseous phase as the temperature is 
increased beyond a p p r o x k t e l y  30000 R. 

The heat of conibustion of boron has been  redetermined  since the 
beginning of this research program, *ich includes  references 5 and 6 
and the  present  report. In reference 12, a new value is given f o r  the 
heat of formation of boric oxide, which results i n  a heat of combustion 
fo r  boron of 25,382 B t u  per pound. In the present  report, however, an  
older heat of combustion of 25,104 Btu  per pound has been  used for boron 
i n  order  to  maintain  consistency wtth previous W A  reports on the 
combustion  performance of high-energy  fueJs  for ram-jet engines. The 
combustion temperatures at equivalence r a t i o s  of 0.2 and 1.0, which 
result from the use of 25,382 Btu per pound f o r  the heating va lue  of 
boron, are shown i n   f i g u r e  l ( d )  fo r  an inlet-air temperature of 100° F. 
A t  an  equivalence r a t i o  of 0.2, the combustion temperature is raised 
from 2405O t o  2424O R by using 25,382 B t u  per pound, and at an equiva- 
lence  ra t io  of 1.0, from 53420 t o  53650 R. The heating value f o r  boron 
of 25,104 B t u  per pound re ta ined   in  this report  thus  gives combustion 
temperatures o n l y  a t r i f le  lower than  the  temperature cozqputed from more 
recent thermal data. 

The var ia t ion   in  combustion tearperatme  with couibustion pressure  for 
the various fuels and f u e l  blen& at  an in l e t - a i r  temperature of lo00 F 
and equivalence  ratios of 0.7, 0.8, 0.9, and 1.0 is  presented on the 
semFlogarithmic plots of figure 2. The data of f igure 2 were calculated 
only fo r  combustion pressures of 0.2 and 2 atmoipheres.. Straight   l inea 
of combustion temperature  against the logarithm of combustion preseure 
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have been drawn between the points.  In  reference 13, it is sham that 

nearly  l ineazly with the logarithm of chamber pressure for  fixed ex- 
pansion ratios and fuel-oxidant  ratios. The semilogarithmic re la t ion  
is extended herein  to  combustion temperature against combustion pres- 
sure. As a check, add i t iond  combustion temperatures computed for 
octene-l at cambustion pressures of 0.6 and 10 atmospheres  and an 
equivalence r a t i o  of 1.0 are s h m  in figure 2(a). The data point at 
0.6 atmosphere indicates that combustion teurperature can be  read  quite 
accurately from the straight l ines  of combustion teqerature against 

pheres. When the straight line f o r  an  equivalence  ratio of 1.0 was 
extended t o  10 atmospheres pressure, an  error  .in combustion temperature 
of 1/2 percent, or 200 R, resated for octene-1.  Linear  extensions t o  
pressures  exceeding 2 atmospheres will therefore be less sa tb fac to ry  
i n  general  than  interpolation between 0.2 and 2 atmospheres. 

4 the theoret ical  impulse of a rocket,  called Ve/g therein, varies 

Ec s 
M combustion pressure  for combustion pressures between 0.2 and 2 atmos- 

It is shown i n  figure 2 that the cozlibustion temperature decreases 
as the combustion pressure is lowered. Furthermore, the decrease i n  
cambustion temperature with d e c r e a e   i n  combustion pressure is greatest 
at the higher equivalence  ratios. A decrease i n  conbustion  pressure 
shifts the chemical. equilibrium among the combustion products toward 
the condition of more dissociation.  Since  dissociation becomes greater 

the l o s s  i n  combustion temperature with decrease in   pressure becomes 
more pronounced. 

rl 

4 at the higher temperatures, corresponding  to higher equivalence ratios, 

The combustion temperature is also affected  by the couibustion pres- 
sure i n  the region of t rans i t ion  f r o m  l i qu id  to gaseous boric  oxide at 
about 3oooO R. The region WBS investigated only at a pressure of 2 
atmospheres,  and no means of pressure adjustment was devised as was done 
for  the higher equivalence  ratios. The data i n  the region of boric 
oxide  vaporization are d i rec t ly  applicable only fo r  a conibustion pres- 
sure of 2 atmospheres. 

From the charts of fi.gure 2, it is possible  to determine the varia- 
t ion  of combustion teuperatme vith combustion pressure  for inlet-air 
temperatures between lo@ and 9 m  F. This determination is possible 
because  combustion-product  composition at a ffxed cambustion temperature 
is  not greatly affected by the change i n  equivalence r a t io   r e su l t i ng  
f r o m  the var ia t ion   in  inlet-air temperature between 1000 and 9 W  F. 
For instance, the combustion temperature of pure boron a t  an  equivalence 
r a t i o  of 0.8, an  iulet-ai r  temperature of 8000 F, and a combustion 
pressure of 0.3 atmosphere i s  sought. From figure l (d ) ,  the combustion 
temperature a t  the conditions stated, but a t  a pressure of 2 atmospheres, 
is found t o  be 5250° R. This value ZS entered on figure 2 (dl as 
point A, and a l i n e  of constant  equivalence  ratio is followed t o  a 

5 

J 
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pressure of 0.3 atmosphere (point B). The combustion temperature of 
49800 R so  determined  agrees  closely with the value of 49860 R found by 
d i r ec t  computation. 

3 

" 

Air Specific Impulse 

The variation of theoret ical  air speciffc impulse with equivalence 
r a t i o  and in l e t - a i r  temperature  for each of the fuels and fuel  mixtures 
at a combustion presswe of 2 atmospheres is shown in   f igure  3. Be- 
cause a i r  specific impulse t s  a function of c m u s t f o n  temperature 
(eq. (3)), the curve6 of' f igure 3 have forms sirn3hr .do the   cuves  of 
conibustion teuperature  in  f igure 1. Compa;rison of the  curves of air 
specific  impuse  agaimt  equivalence  ratio  for  octene-1  (fig.  3(a)), 
30-percent-boron slurry (fig.  3(b)), 60-percent-boron s lurry (fig.  3(c)) ,  
and boron ( f ig .  3(d)) s h m  that, as boron concentration i n  the slurry 
is raised, the thrust performance increases a t  any in l e t - a i r  temperature 
and  equivalence r a t i o  . Similarly, i n   f i gu res  3 (e} (30-percent  -pentaborme 
blend), 3(f)  (60-percent-pentaborane  blend), and 3(g) (pentaborane) it 
may be seen that ra is ing  the concentration of pentaborsne i n  a blend 
fncreases  the air specif ic  impulse or  thrust performance. 

The v a r k t i o n  Of a i r  Specific lrqpulse with combustion pressure is 
presented  for the fuels and f u e l  mixtmes on the semilogarithmic  plots 
of figure 4 at an inlet-atr ternperatwe of loo0 F and equivalence  ratios 
of 0.7, 0.8, 0.9, and 1.0. Calculated alr specif ic  inrpulsee i n  
f igure 4(a) far octene-1 at an  equivalence r a t i o  of 1.0 and pressures of 
0.2, 0.6, and- 2.0 atmospheres are f i t t e d  well by a straight l ine ;  the 
same l i n e  extended t o  10 atmospheres gives  an impulse *ich is  0.6 
second or 0.35 percent higher than the computed value. The remaining 
data of f i g u r e  4 were cauputed only  fo r  combustion pressures of 0.2 and 
2 atmospheres. It i s  apparent  that  linear  extensions  to  pressures 
exceeding 2 atmospheres will be  less   sat isfactory,   in   general ,   than 
interpolation between 0.2 and 2 .O atmospheres. 

The charts of figure 4 can  be  used t o  determine the v a r h t i o n  of 
a i r   spec i f i c  impulse with combustion pressure at   inlet-air   tmrgeraturee 
other than looo F . Some examples f o r  boron are presented i n  reference 6. 

APPLICATION OF DATA 

Determination of Cambustion Temperature and A i r  Gpecific 

ImpiLse over a Wide Range of Conditions 

The curves of figures 1 t o  4 pertain t o  fixed  concentrations of 
boron or  pentaborane i n  octene-1. In many instances  requiring the w e  
of these data t o  predict  engine performance or t o  evaluate  experimental 
data, mixture concentrations other  than  those of figures 1 t o  4 may 
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4 
be considered. Means of  interpolating and extrapolating the data 
readily t o  a wide range of mixture  concentrations and combustor-inlet 
conditions  are therefore presented. 

In figure 5 is  shown the  effect   of boron concentration and ramjet 
combustor-inlet  conditions on the t h e o r e t i c a l   c d u s t i o n  performance of 
boron s lu r r i e s  i n  such a mmer as to   fac i l i t a te   the   in te rpola t ion  and 
extrapolation. In figure 5(a), combustion temgerature is presented as 

inlet-air temperatures of LOOo, 500°, and 900° F, and a pressure of 
2 atmospheres.  Simple l inear   interpolat ion t o  other  inlet-air  tempera- 
tures may be used, or   for  higher accuracy, the €nterpobtion  chart  on 
the right may be employed as shown by  the following exangle: The com- 
bustion  temperature of a 50-percent-boron s lur ry  is desbed at an 
inlet-air temperature of 750° F, an  equivalence r a t i o  of 0.8, and a 

F a function of boron concentration  for a range of equivalence  ratios, 
N 
M m 

N 
u I pressure of  2 atmospheres. The combustion temgeratures at inlet-air 
u temperatures of looo, 500°, and 9oOo F are found t o  be 42500, 44600, 

and 46500 R, respectively. These values,  entered i n  the interpolation 
chart as circled  points  on the proper ve r t i ca l   l i nes  of inlet-air 
temperature, are connected by a fa i red  curve. Rom this curveJ a com- 
bustion temperature of  4580O R is determined for the condition  stated. 
For this example, l inear   interpolat ion would have  been satisfactory.  
A t  many conditions, it is essent ia l  tha.t the interpolation chart be 

temperature is decidedly  nonlinear. 

.I 

4 used because the v a r h t i o n  of combustton temperature with inlet-air 

The couibustion-temperature data of figure 5(a) for a c-ustion 
pressure of 2 atmospheres may be adjusted  to  other conibustion pressures 
through  the use of figure 5(b).  Lines of combustion temperature  against 
combustion pressure may be constructed on the semilogarithmic  portion 
of figure 5(b) f o r  a boron slurry of any concentration  by means of the 
border  chart on the right. For example, the combustion temperature 
of a 50-percent-boron slurry at an equivalence  ratio of 0.8 , an inlet- 
air temperature of 750’ F, and a combustion pressure of 0.5 atmosphere 
is sought. At these conditions,  but at a pressure of 2 atmospheres, 
a combustion temperature of 45800 R was found i n  the previous exanple. 
This is entered on figure 5 (b) as point A. Point B is  located on the 
border  chart, along the 4580° R l i n e  at 50-percent-boron  concentration. 
The l i n e  AB connecting  these  points is extended t o  a pressure of 0.5 
atmosphere, determtning  point C, where the cornbustion temperature 
sought is found t o  be 44700 B. 

IU figure 5 ( c )  is presented the variation of a* specif ic  “e 
with equivalence  ratio,  concentration of boron i n  the slurry, and inlet- 
air temperature for a combustion pressure of 2 atmospheres. By means 
of figure 5(d), the air-specific-impulse data Of figure 5(c) f o r  2 at- 
mospheres couibustion pressure  can be adjusted  to  other combustion pressures. 

respectively. 

I 

4 Figures 5(c) and (d) are read   in  the same manner as figures 5 (a> and (b) , 
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Ftgure 6 cansists of a ser ies  of char ts   for  pentaborane  blends aim- 
ilar t o  those of f igure 5 for boron s lur r ies .  A continuation of figure 
6( a) (variation of combustion temperature.. with equivalence  ratio,  penta- 
borane  concentration, and inlet-air  temperature) is greatly expanded to 
improve the  accuracy of reading  temperatures below 2500' R. Likewise,  a 
continuation of figure 6( c)  (variation of a i r   spec i f i c  impulse with 
equivalence r a t   i o  , pentaborme  concentration, and inlet-air temperature) 
has been  enlarged t o  enable more accurate  reading-of low values of air 
specific impulse. In the  continuations of both  figures 6( a) and (c)  , 
the combustion temperatures are suf f ic ien t ly  low that  neither  dissocia- 
t ion  of the combustion products  nor  v8porization of b o r i c   a i d e  is appre- 
c i ab le   a t  combustion pressures   a t   least  down t o  0.2 atmosphere. The 
curves of the expanded portions of figures 6( a) and (c) can therefore  be 
employed f o r  a31 co6bustion  pressures  exceeding 0.2 atmosphere without 
an adjustment for  pressure.  

The t rans i t ion  of boric. oxi$ from l i qu ld  -to gas a t  combustion tem- 
peratures between 2400' and 3400 R, or   a i r   spec i f ic  impulse  between 124 
end 134 seconds, is affected by pressure. Since  the data of figures 5 
and 6 were determined only fo r  2 atmospheres pressure i n  t h i s  region, 
they are not  directly  applicable  for srther pressures  within this range 
of temperatures. 

3 
-. 

.. . 

" . .. 

E 

Determination of Combuetion Efficiency 

Curves presented  herein  permit  the  determination of a combustion 
efficiency which is  often  useful in the evaluation of experimental data. 
It is defined as the   r a t io  of the theoret ical  t o  the  experimental  equlva- 
lence  ra t io   required  to  produce a given a i r  specific impulse: - 

q = (*&) fo r  the same air specific impulse 
k P  . 

Fuel-air   ratios may replace  equivalence  retios. This definit ion is  v a l i d  
only f o r  equivalence r a t io s  of 1.0 or less. The determination of exp&i- 
mental atr specif ic  impulse is discussed in  appendix C .  In addition to 
thermal  losses, thls efficiency  includes  losses due t o   f r i c t i o n  and non- 
uniform  temperature and velocity  distribution. When the  experimental  data 
are  obtained at pressures  other  than 2 atmospheres and at temperatures 
above the regton of vaporization of boric  oxide,  the  thearetical equiva- 
lence  ra t io  needed t o  produce the  experimental   a i r   speceic  impulse Sa 
may be  found by the use of figure 5( d) fo r  boron and 6( d) f o r  pentaborane - 
Assume, f o r  example, t h a t  a  50-percent-boron s lur ry  burned at an M e t -  
air temperature of 5.W0 Fr. a copllbustion presayre.mof- 0.5 atmosphere, and - 
an equivdence  ratio of .I.O produces an experiments air spec'ific -irn~1-6e ." "7 
of 170  seconds. Thls o? -air specif ic-  .imgulsei is entered in figure 
5(d) 88 point A.  It is then  necessary t o   f i n d   t h e  air  specif ic  imipulse- - -  -6" 
at 2 atmospheres pressure  that has the same theoretical  equivalence  ratio. 
Lines of constant  but  unspecified  equivalence  ratio are constructed for  
t h e  50-percent-boron s lu r ry  adjacent  to  point A. With these l ines  as 

- . .. ". 

. 

" 

.. " 

.- 

. .  . - "  

. ." 



a guide, a line is extended from point A to   point  B at 2 atmospheres. 
The a i r  s p e c u i c  impulse of 171.5 seconds a t  2 atmospheres has thq same 
theoretical  equivalence  ratio as 170 seconds a t  0.5 atmosphere. When an 
air specific impulse of 171.5 seconds is entered in figure 5(c)   for  an 
i s l e t - a i r  temperature of 500° F and a boron  concentration of 50 percent, 
t h i s  theoretical  equivalence  ratio is found t o   b e  0.81. The ccmbustion 
efficiency is then 0.81 f r o m  equation (8).  

It i s  a l so  possible   to   f ind  point  B on figure 5 (a) by the trial-and- 
r- 
M 
cu error  construction of l i n e  ABC. This method eliminates the construction 
b-l of adjacent  constant  equivalence.ratio  lines. 

I n  some instances, a combustion temperature may be determined from 
experimental data. This  experimental combustion temgerature  can  be 
used t o  determine combustion e f f ic iencyby a method analogous t o  tha t  

A 

P 
0 eurploying the experimental air specific impulse. The coznbustion effi-  
al ciency i s  defined as : 

N 
V 
I 

u 
* th q =- f o r  the same (t3IM3& *eKe 

9 Equation (9) may give a value of combustion efficiency which d i f fe rs  

rl bustion  temperature and air specific impulse are available f o r  a par t ic-  
s l igh t ly  from tha t  yielded by equation (8) , when both  experimental com- 

u la r  engine. When combustion efficiencies are  reported, the def ini t ion 
used should be stated. 

Determination of Relative Fuel-Consumption 

Requirements fo r  a Given Engine 

In many cases, it is of in te res t  t o  know r e l a t ive  amounts of various 
boron slurries or  pentaborane  blends needed to   obtain a given l eve l  of 
air specific iupulse. This  can be determtned by means of air-specific- 
impulse data in  figures 5 and 6 provided that the following  assumptions 
are made: The combustion efficiency is the same and the pressure  losses 
in the combustor are the same for all fuels  a t  the  same thrust level .  
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The following table compares the re la t ive  flow ra tes   required 

with a f e w  typ ica l   fue l s   t o  produce an air specif ic  imgulse of  157.6 D 
seconb a t  an inlet-afr  temperature of 1000 P and pressure of 0.6 atmos- 
phere : 

Fuel 

Oc t ene -1 
50-Percent- 

boron 
slurry 

50-Percent- 
pentaborane 
blend 

Pentaborane 

Theoretical 
equivalence 
r a t i o  

0.8 

a 6 9  

69 
06 

Theoretical 

sumption r a t i o  
f u e l  con- fuel-air  
Re la t ive  

0.0542 1.00 

.0568 1.05 

.049 6 
845 .0458 

,915 

.. . - " 

" 

w r- 

These results pe r t a in   t o  expansion at fixed corqpoeition  and d l f f e r  from 
the values that would be computed for expansion at equiltbrium courposi- 
tion. At the l eve l  of air specif ic  iurpulse chosen, the  use of 50-percent;- 
boron slurry r e su l t s   i n  an  increase  in f u e l  consumption, while  the use of c 

e i ther  50-percent-pentaborane  blend  or  pure  pentaborane  decreases f u e l  ' 

consumption materially.  Reductions i n  f u e l  consumption through  the use 
of boron slurry can  be obtained only a t  Lower leve ls  of t h r u s t ,  as dis -  
cussed i n  references 5 and 6. 

c 

As an  additional example, the data of figure  6 have been  used i n  
determining the ideal  consumption of pentaboyane r e l a t ive  t o  that of 
octene-l  requ5red  to  obtain a given sir specific  inpulse. Combustion 
pressures of 0.2 and 2 atmospheres w e r e  considered  over a range of air 
specif ic  imgulse at an i n l e t - a i r  temperature of  lo00 F. "he results 
are sham in   f igure 8 as consuption of pentaborane r e l a t ive  t o  octene-I. 
against air spectfic impulse. The conibustion temgerature of octene-1 
and  pentaborane  requlred to   obtain any  value of air specif ic  impulse may 
be determined from additional  abscissa  scales.  D a t a  for  pentaborane 
are not sva-ble from figure 6 at pressures ofher than 2 atmospheres 
i n  the range from about 22W0 t o  34000 F. Additional  coqputations were 
therefore made for  the  burning of pentaborane at a pressure of 0.2 
atmosphere tn th i s  region of  combustion temperature. 

A t  the very low air specif ic  impulse of 87.5 seconds, the constmp- 
t i o n  of pentaborane relative t o  that of octene-1 is 0.667, whereas the 
inverse  ra t io  of their   heats  of combustion is  18,999/29,127, o r  0.652. 
It is apparent that a sat isfactory camparfson of the  re la t ive consuup- 
t ions of fuels can  be made a t  very low temperatures by comparing the i r  
lower heats of combustion. 
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!The consumption of pentaborsne r e l a t ive  t o  octene-1  r ises 8s  the 
4 l eve l  of air specific impulses i s  increased. A t  an air specif ic  im- 

pulse of 120 seconds and a -pressure of 0.2 atmosphere, the flow of 
pentaborane relative  to  octene-1  rises  sharply  because  heat is absorbed 
by vaporization of the boric oxide. A cod.mstion  pressure of 2 atmos- 
pheres  suppresses the vaporization of bortc oxtde so that the  curve for  
this pressure  r ises  less steeply. When all the boric  oxide has vapor- 
k e d ,   a t  an air specific impulse of  134 seconds fo r  0.2 atmosphere 

s w t i o n  of pentaborane is about 0.84. It declines 5 l igh t ly  f r o m  this 
value with a fwther   increase i n  air specif ic  impulse. 

t' pressure  or 144 seconds for  2 atmossheres  pressure,  the relative con- 
N 
PrJ m 

It may be seen from figure 8 that the  heating  vdue of a f u e l  is 
au  unsatisfactory in- of f u e l  consumption at elevated  temperatures 
or t h r u s t  levels  because of marked differences i n  the  thermal  properties 
of couibustion  products. In  the  region where boric  oxide  begins to 
vaporize, the r e l a t ive  consmugtion of pentaborane is markedly affected 
by combustion pressure. 

Adjustment of Conibustion Efficiency Data from H e a t  Balance 
* 

A conanolily used method 09 determining  cambustion  effic5ency is  that 
of establishing  heat balance. Water I s  sprayed  fnto  the hot exhaust 
gases i n  a quant i ty   suff ic ient  t o  cool them to teqperatures of a few 
hundred  degrees Fahenheft .  The e n t w p y  rise of the m i x t u r e  of water 
and  combustion products  can be expressed as shown in reference 14 as 

d 

Do = mw + me + 

where 

% enthalpy rue of quench w-ater, Btu/U, mixtwe 
AHe enthalpy  r tse of combustion m i x t u r e ,  Btu/lP, mixture 
&ij enthalpy rise of jacket  coolant, Btu/lb mixture 

enthalpy r i s e  (heat out-put), Btu/lb mixture 

In  reference 14, it is shown that the  rapia  quenching of the com- 
bustion products by the water froze  the composition of the cqibustion 
products. The dissocia-tion  enthalpy was not recovered i n  the measured 
sensible  enthalpy A& of the m i x t u r e .  The combustion eff ic iencies  
were consequently too  low wben computed from the expression 

- 
. 
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* 

It was found that these combustion efficiencies  could be adjusted by 
subtracting  the  energy  required for dissociation of the combuetion products 
*om the heating v a l u e  of the f u e l .  The equation f o r  combustion efficiency 
then became 

b 

The energy  required  for-dissoclation was expressed a8 a f'raction 
x of the f u e l  heating  value. If quenching has not completely frozen 
the composition, the efficiency  calculated From equation (13) w;Lu be 
5n error  by an amount dependent upon the change i n  composition dur ing  
the quench. . " - 

r- 
N 
M 
M 

Figure 9 presents  the  effect  of boron  concentration and  combustor- 
inlet condition on the  quantity x for boron slurries. I n  figure 9(a) 
is sham the variation of x with concentration of  boron in a boron 
slurry at three inlet-air temperatures and a combustton pressure of 
2 atmospheres fo r  a range of equivalence  ratios. Values of x fo r  
intermediate  temperatures  can be interpolated  linearly. The data of . 
figure 9(a) fo r  a combustion pressure of 2 atmospheres can be adjueted 
to   other  combustion pressures-by means of figure 9(b), which is read 
i n  the same manner a s  figure 5 (b) 

In figure 10 is shown the effect of  pentaborane  concentratfon and 
combu6tar-inlet  condltlons on the quantity x for pentaborane blends. 

The e f fec t  of inlet-air teIqerature, combustion pressure, and 
equivalence r a t i o  upon the theoretical caaibust-lon temperature and a*- 
specific-impulse performance m s  investigated for boron slurry fuels  
and pentaborane blends. Concentrations of  boron or pentaborane i n  
octene-1  varying from zero  to  LOO percent were considered.  Inlet-air 
temperatures ranged f'rom 100° t o  9oOo F at a combustion pressure of 
2 atmospheres. A combustion pressure of 0.2 atmosphere was also inves- 
tigated at an in l e t - a i r  temperature of looo F. It was assumed i n  com- 
puting air specif ic  irqpulse that expansion i n  the nozzle occurred at 
fixed coarposition. The effects  on colribustion performance of variation 
i n  inlet-&* temperature, combustion pressure, and boron or pentaborane 
concentration were observed. 

Means were presented for extrapolating or interpolating the data t o  
conditions of in le t -a i r  temperature and combustion pressure  other than 
those investigated. Because of the vaporization of boric oxide, the data 
herein f o r  combuatian temperatures between 2400° and 3400' R and air spe- 
c i f i c  impulse between 134 and 144 seconds are applicable only l o r  a com- 
bustion  pressure of 2 atmospheres. The determination of combustion effi- 
ciency  for  experimental combustors by means of theoret ical  data hereFn xaa - 

. 
c 
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described. A method was discussed  for determining the r e l a t ive  ~mouzlt8 

of fuels containing  various  concentrations of boron o r  pentaborme  re- 
quired by an engine  operating at a f k e d  thrust  level. Also presented 
were data  enabling an adjustment for the heat of dissociation t o  be 
applied to combustion efficiency data obtained  by  a  water-quench heat 
balance. 

.I 

Lewis Flight Propulsion Laoratory 
PC 

M 
N National  Advisory Committee for Aeronautics 
M Cleveland, OhFo, February 2,  1955 
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APPENDIX A 

SYMBOLS 

The following symbols are used in this report:  

NACA RM E55A31 - 
" 

L. 

- .  . 

area, sq ft 
- - -  
c . 

stream thrust, lb 

net   internal   thrust ,  l b  
. .  - -. - . " 

acceleratiqn due to gravity, 32.17 f%/sec2 
. .  

sum of senslble enthalpy and chemlcal  energy at temperature t . L; .-.. 
PI 

and at standard conditions, kcal/mole 

lower heating  palue of fuel, Btu / lb  

sua of sensible  enthalpy and chemical  energy at t o t a l  -tempera- 

. .. " . 

. . . ... .. . -  . .. - ... . 
. -  . - .-. 

.- 

ture  IC, Btu/lb c. .. . 

sum of sensible enthalpy and chemical energy of combustion 
products at s t a t i c  €emperatme tg, Btu/lb 

L 
" . 

mechanical equivalent of heat,  775.16. (f t ) (lb)/Btu 

kinetic  energy,  Btu/lb a i r  

" 

Mach number 

molecular weight of a constituent 

mean molecular  weight of gas mixture,  exclusive of cona&ns& 
B2°3 

number of moles of a constituent 

t o t a l   p r e s s u r e ,   l b l s q   f t  

static pressure, 113/s,q f t  

universal gas constant, 1545.33/%, (ft)(lb)/(lb)(OR) 

air specific impulse, (lb) (sec)/lb air 

fue l  weight specif ic  impulse, (Ib)(sec)/lb  fuel 

. .  
" 

- .  
" 

. .  - 
. . . . - . - .- - 

. .  

. ". 

- -  . 
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fsl 
I' 
M 
M 

7 u u 

T to t& temperature, OR 

t static  temperature, OR 

v ve lod ty ,   f t / s ec  

W weight flow, =/see 

X weight f rac t ion  of sol ids   or   l iquids  in  exhaust gases 

X f rac t ion  of fuel heating value required for diSBOCi&tiOn 

Y r a t i o  of specif ic   heats  

51 canibustion eff ic iency 

@ equivalence r a t i o ;   r a t i o  of actual to   s toichiometr ic   fuel-s i r  
r a t i o  

(pCM) stream-thrust  correction t o  M = 1 

Subscripts : 

a 

cr 

exp 

f 

Q 

i 

8 t o  

T 

t 

t h  

1 

2 

3 

air 

crys ta l l ine  

experimental 

f u e l  

gas 

denotes ith constituent of combustion products 

stoichiometric 

t o t a l  

s t a t i c  

theore t ica l  

engine inlet 

combustor entrance 

coIribustor ou t le t  

I 

I 
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4 exhaust-nozzle  throat 

W A  RM ES5A31 
b 

5 exhaust-nozzle  outlet 

Superscripts : 

* denotes s ta t ion  having a Mach nmiber of uni ty  

f denotes  effective value of conibustor i n l e t - a i r   t o t a l   t e q e r a -  
t u re  or enthslpy where conibustor-outlet velocity is  appreciable i? 

K) 

. 
? 
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APPEXDIX B 

ADJUS- OF THEaFiETICAL AIR s P E c J J ? I C  lMPULSE FOR 

APPRECIABJX COMBUSTOR-OUTlXT VELOCITY 

The theoretical  air-specific-impulse and combustion-temperature 
data presented  herein assme negligible  combustor-outlet  velocity. In 
actual  codmstors  the high conibustor-outlet  velocity  causes the kinet ic  

the gases. The s t a t i c  conibustor-outlet  temperature for chemical  equi- 
librium w i l l  then be less than that shown i n   t h e  curves of this report. 
As a result of this decrease i n  combustor-outlet s t a t i c  temperature, 
there  may be shifts i n  chemical  and physical  equilibriums  in sone cases. 
The s t a t i c  conibustion temperature with  appreciable  velocity  cannot  then 

f t y  by  the  conventional  relation 

e- 
Eu 
M 
M energy to be an  appreciable  portion of the t o t a l  energy possessed  by 

-"o 
d be r e h t e d   t o  the combustion temperature for   zero conibustor-outlet  veloc- 
P 

c 

Since this expression  implies  constant  cozposition, it i s  unsuit- 
able at temperatures where appreciable  dissociation is  present, above 
about 360O0 R. It is alsa  not  appropriate  in the region of phase  tran- 
s i t i o n  f rom gaseous to   l i qu id   bo r i c  oxide. A t  these  conditions it be- 
comes necessary t o  allow f o r  the kinet ic  energy of the conibustion prod- 
ucts when the theo re t i ca l   s t a t i c  combustion temperature is determined 
f o r  boron-containing fuels. An adjustment i n   t he   t heo re t i ca l  a i r  spe- 
c i f ic  impulse is then  required also. 

The data in this report  permit approxiwte  adjustments in theo- 
r e t i c a l  combustor-outlet s t a t i c  temperature and air specif ic  impulse t o  
be made for  appreciable  conioustor-outlet  velocity  over a range of pres- 
sures a t  temperatures above 36W0 R, where dissociation becomes impor- 
t an t .   In  the region of phase t p n s i t i o n  f r o m  gaseous to l iquid  boric  
oxide, the limited data presented are in su f f i c i en t   t o  enable these cor- 
rections t o  be determined. 

The adjustment t o  colnbustion static temperature is  made i n  the 
following manner. Conservation of energy  across  the c d u e t o r  is ex- 
pressed as 
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By deducting  the  cordbystqr-outlet  kinetic  energy  from the i n l e t - a i r   t o t a l  
enthalpy,  an  effective inlet-air total-enthdpy  can.be  obtained: 

The value of is entered on figure 11, which shows the  variation 
of (hT)a w i t h  t e q e r a t u r e   t o   f i n d  aq e f fec t ive   i n l e t - a i r   t o t a l  temger- 
ature Ti. Thls value of T$ is  then  entered on a curve. of colnbustion 
s t a t i c  temperature  (t3)M3=0  against  combustor-inlet  temperature at the 

proper  equivalence r a t i o  and combustion s ta t lc   pressure.  The combustion 
s t a t i c  temperature' so Betermined pe r t a ins   t o  a combustor-inlet t o t a l  
temperature of T2. .and a combustor-outlet  velocity V3. 

. .  . .  
... 

The procedure..fqr  approximating  the  comhustor-outlet  static temper- 
ature and a i r  specif ic  impulse w i U  be Uustrated by an example. An 
engine is  operated  with.gentaborane at an equivalence ra€io of 1.0 under 
the following combus&tqr-?.get . . .  conditions ." : 

Codus to r   i de t - a i r   ye loc i ty ,  vZ, f t /sec . . . .  . : . . . . . .  250  
Combustor i a e t - a i r   t o t a l  temgerat-e,-Fi,"O~ . . . .  -. . . . . .  500 

- -- - "" . . . . .  - "" .. ". . . .  
. .  

... ." ".. 
"" - - 

Conibustor-outlet s ta t ic   pressure,  p3, a t m  . -.. . . . . . . . . . . .  2 

It i s  des i red   to  knqw t h e   t h e o r e t i c d  combustion static temperature and 
air speclf ic  impulse for these konaltiona. 

. .  

. .  . .  . . .  . .  - . .  
. .  

. 
" 

-L 

" . . . . .  

The combustor-outlet  velocity must be  calculated from the i n l e t  "" 
conditions. For heat adzition-at  constant  area  without  friction; the" 
Mach n d e r s  a t  the-cd$iistor  inlet and ou t l e t  are re lated by the   fo l -  
lowing function, which can  be  solved  graphicaily if deeired: 

" 

A f i rs t  t r i a l  value of t 3  i s  estimated, and approxFmate values 
. . . .  

of y3 and Rg (R = 1545. 33/Gg) -are read ffom ,figure 12 (boron 
s lu r r i e s )  or 13 (pentaborane . . . . . . . . .  blends). In  figure 11 may 
For consistency  with  the data. of figures 1 2  ana 13, an 
foot-pounds per pound OR should be used, although it is 
than the value f o r  actual air because only nitrogen and 
assumed as constituents. 

be found y2. 

R2 of 53.57 
sl-ightly larger  
oxygen were 

" 

I 
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These values are substi tuted  in  equation (B4) and a f i r s t  trial 
value of M3 is  found. The kinetic  energy is then found from the 
expression 

The first trial value of Ti is determined  by means of figure 11 
and eqmtion (133). The corresponding  second trid value of co&ustor- 
ou t l e t   s t a t i c  temperature t3 can then be read from a curve of 

(t3)M3=0 
pressure. W t h i s  second trial value of t3 differs  appreciably from 
the value assumed at the start, the calculation must be repeated. The 
following tabulation s m i z e s  the r e s u l t s  of the calculations f o r  the 
exaqple chosen; the f i rs t  trial value of codus tor -out le t   s ta t ic  tem- 
perature tg was assumed t o  be  that   read from f igure 6 for 5000 F 
inlet-sir  temperature and zero inlet -a i r   veloci ty ,  or 50800 R. 

against  inlet-air  temperature for the   s ta ted  conbustor s t a t i c  

y 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.38 
Rz, ( f t ) ( lb) / ( lb) (?R)  . . . . . . . . . . . . . . . . . . . . . .  53.57 
wf /wa .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0764 
t 2 , O R  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  955 
M2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.166 
(%)a,2, B t u / l b  . . . . . . . . . . . . . . . . . . . . . . . . . . .  343 

t3,OR . . . . . . . . . . . . . . . . . . .  
y 3 . . . . . . . . . . . . . . . . . . . . .  
R3, (ft)(Ib)/(lb)(%) . . . . . . . . . . .  
X3 . . . . . . . . . . . . . . . . . . . . . .  
M 3 . . . . . . . . . . . . . . . . . . . . .  
KE, Btu/lb air . . . . . . . . . . . . . . .  
(%)A,2, B t u / l b  . . . . . . . . . . . . . .  
Ti, OF. . . . . . . . . . . . . . . . . . .  
t S , %  . . . . . . . . . . . . . . . . . . .  

F i r s t   t r i a l  Second t r i a l  

5080 
1.232 
53.20 

0 
0.612 
86.1 

256.9 
147 

4990 

4990 
1.233 
52.96 

0 
0.594 
79.4 
263.6 

17 6 

4998 

Thus, the  theoret ical  conibustion static temperature w i t h  no 
conibustor-outlet velocity i s  5080° R, while  with  a  reasonable  outlet 
velocity it is 4998' R. The use of the curves of figure 6 without 
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adjustment for ccmibustor-outlet-velocity results for this example i n  
an e r ror  of about 80° F i n   t h e o r e t i c a l  combustion static  temperature. 

It is  now desired  to   calculate  the approximate air specif ic  im- 
pulse a t  the e-ust-nozzle throat   resul t ing from the appreciable 
combustor-outlet  velocity. The a s s u q t i o n  will be mde that chemical 
equil'fbrium i s  frozen between the conibustor ou t le t  and the  exhaust- - 

nozzle  throat. Because the  appreciable  conibwtor-outlet  velocity lowers 
the combustion s t a t i c  temperature, l e s s  energy is required for dissocia- 
t ion  than when there is no combustor-outlet  velocity. This thermal 
energy thus made available as sensible  energy  causes the air specif ic  
impulse t o  be higher when there i s  appreciable  combustor-outlet  velocity. 

A i r  specific impulse  can  be calculated from equation (3), provided 
a combustion total temperature Tg can  be  defined. Where there is  no 
conbustar-outlet  velocity, 

When there is appreciable  combustor-outlet  velocity, the conibuation 
t o t a l  temperature may be defined  in the following manner: The gases 
moving w i t h  the conibustion s t a t i c  temperature and conhmtor-outlet ve- 
l o c i t y  are brought isentropical ly  t o  r e s t  with composition  frozen. The P 
resul t ing temperature, 

L 

is greater than (t3)M,,o. When it i s  assumed that the quantit ies y3 

and Rg a r e  the  same for the nozzle-expansion process i n  both cases,  
the r a t i o  of the a l r  specif ic   iqulee  for   appreciable   out le t   veloci ty  
t o  that for no outlet velocity is 

For the example under conaideration, 

= 1.012 
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In  the region of boric  oxide  vaporization, between about 2400" and 

3400' R, the  effect of appreciable  conibustor-outlet  velocity may be 
greater  than this because of rapid changes i n  the concentration of 
l iquid boric oxide w i t h  temperature. Insufficient  information .on y 
and R is published  herein t o  permit the computation of this e f fec t  
i n  the region of boric  oxide  vaporization. 

M 
M 

. 
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C O W U l !  

By means 

. 
ATION C F  AIR S P E C I F I C  lMpuIsE FROM EXPERIMFXPAL DATA 

of suitable thrust, drag, and pressure measurements on an  
experimental  engine or c d u t o r ,  stream thrus t  ." 

F5 = (-A + T)5 
is  determined. This can  be re la ted  to the experimental air specific 
impulse thua : 

where " 
.. 

L 

VeJues  of V(M) may be found i n   t a b l e s  30 t o  34 of reference 15 as 
the  term F/F* for y of 1.0,  1.1, 1.2, 1.3, and 1.4. It happens 
t ha t  (P(M) is quite inaensitive t o '  r over a range of M from 0.7 t o  
1.3 and r from 1.1 t o  1.4 (ref.  . A y of 1.2 can therefore be 
employed with accuracy to obtain Q ? %) if % l ies   within  the  region 
around unity. For % greater or less than these values,  the  sensi- 
tivity of (P(M~) to r increases rapidly, as shown in reference 15. 
Since V5 can be  determined from the thrust measurement by equations 
presented Fn reference 3, the Mach  number a t   t h e  exhaust-nozzle out- 
l e t  can be estimated from the equation 

If the   r a t io  P3/p5 is measured or specified and it is  known tha t  . ". 

flow i s  essent ia l ly   Isentropic  i n  the exhaust  nozzle (small f r i c t iona l  
and shock losses) ,  M5 can also be expressed as - i -  

- 
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If t h e   r a t i o  pJp5 is measured, 

The value of M5 can be determined as a function of ps/P3 from 
tab les  30 t o  35 of reference 15, where the ra t io   here in  
ps/P3 is s h m  as p/pa. 

For greater  accuracy  in  calculation,  values of r 
constant R may be  found from f igures  12 and 13. The 
is an  effective r f-or the  process of expansion  over a 

designated as 

and the gas 
y presented 
pressure r a t i o  

of 2. Values of T3/t4 determined f o r  an isentropic expansion at 
frozen  composition  over a pressure r a t i o  of 2 were substituted i n   t h e  
equation 

The value of R pertained to the conibustion  procese. Because the  com- 
position  during  expansion was considered to be flxed, R is a s s ~ d .  t o  
remain constant. 

Where the pressure  ra t io  P3/p4 across the nozzle  greatly  exceeds 
2, these values of r are i n  error .  Because of the lack of knowledge 
as t o  change i n  composition  within the nozzle (appendix D), it is be- 
l ieved that this e r ro r   i n  y w i l l  not great ly   increase  the  uncertainty 
of cdcula t ions  . \ 

\ 
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APPENDIX D 

It is assumed herein that expansion  within  the  exhaust  nozzle oc- 
cws   a t   f rozen  composition. Low values of theore t ica l   a i r   spec i f ic  
impulse result because none  of the heat of. .dissociation.  or  vaporization 
is  recovered. If equilibrium  expansion  occurs,  the change i n  composition 
w i l l  cause a portion of t h i s   hea t   t o   be  converted to  semfble  enthalpy 
and kinet ic  energy. The highest value of theore t ica l  air specif ic  im-  
pulse i s  thus produced. Intermediate values of air spegific impulse 
w i l l  result from a par t ia l  s h i f t  in composition w i t h i n  the  exhaust noz- ZLe. Intermediate values will a lso  r e s u l t  from appreciable combustor- 
out le t   veloci ty  as described In appendix B, with either ffxed  composition 
or  partial   reconkination  in the e h u s t  nozzle. 

l- 

. . . - - -. 

Litt le  detailed  information exists on the rate of adjustment i n  
composition with change in  pressure and temperature a t   e levated tempz" 
atures. Therefore,  the  degree of approach t o  equilibrium  within  various 
exhaust  nozzles  cannot be found. However, it ie   possible  t o  h d i c a t e  
t he  extremes of performance by .compering an exgansion at frozen  cmposi- I 

t ion  with one a t  equilibrium composition. . .  

The performance of pure  pentaborane. was. computed both f o r  nozzle 
expansion at equilibrium  composition and at f ixed  coqoei t ion.  A range 
of eqixivalence r a t io s  was considered a t  a combustor in le t -a f r  tempera- 
ture Q f  100' F and & combustion pressure of 2 atmospheres. Selecting 
the  nozzle  outlet Mach nuntber as 1.0 made the  nozzle  pressure  ratio 
comparable t o  that used throughout this report. 

" - 

." 

Figure  14(a) shows the  nozzie-throat  temperature  as a function of 
equivalence  ratio,   both  for  f ixed and equilibrium  expansion. Also pre- 
sented is the conibustion temperature. In f igure 14(b) is shown the 
correepondin@; air specif ic  impulse8 fo r   f i xed  and equilibrium expansion. 

. .  . 
- 

A t  an equivalence r a t i o  of 0.3, there is l i t t l e   d i f f e r e n c e   i n  
e i ther  the nozzle-throat  temperature or  the a i r   spec i f ic  impulse ob- 
tained  by  frozen  expansion compared with those  obtained by equilibrium 
expansion. Under these conditions, there i s  v i r t u a l l y  no dissociation 
at the combustion temperature, and very little boric  oxide  in  the gase- 
ous state. Equilibrium expansfon  then  occurs  essentially at fixed cam- 
position. At an equivalence r a t i o  of 0.4, the air specif ic  impulse i s  
2 seconds higher with equilibrium  expansion  than with frozen or fixed 
expansion. Combustion a t  this equivalence  ratio  results i n  the forma- 
t ion  of considerable gaseous boric oxide.  Expansion at equilibrium . . 
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composition from the   codus t ion   condi t ions   resu l t s   in  the condensation 
of much of this gaseous boric oxide. The heat liberated by condensa- 
t ion  prevents  the throat teqeratme w i t h  equilibrium  expansion from 
falling as law as the   throat  temperature with  expansion a t  fixed compo- 
s i t ion,  as may be seen i n  figure l4(a). The higher throat  temperature 
with equilibrium  expansion results i n  higher air spec3fic impulse. 

A t  an equivalence  ratfo of 0.6, the air specif ic  inpulse with  both 
equilibrium and f ixed expansion is abouk the same. V e r y  little dissoci- 
a t ion is present at the conkustion  temperature,  and all the borlc  oxide 
is  gaseous.  Furthermore, the  d r q p  i n  temperature i n  expanding t o  
M = 1 is insu f f i c i en t   t o  cause  condensation of the boric oxide.  Equi- 
librim expansion thus occurs v i r t u a l l y  at fixed composition. 

A t  an  equivalence  ratio of 1.0, the nozzle-throat temperature ob- 
tained w i t h  equilibrium  expansion  exceeds that with frozen  expansion 
by 230° R. A t  these high conbustion temperatures, considerable dis- 
sociation is encountered, and the boric  oxide is en t i r e ly  gaseous. 
When equilibrium  expansion  occurs, the recombination of dissociated 
products liberates considerable heat, although no boric oxide condenses. 
The nozzle-throat temperature is thus raised above that obtained by 
frozen  expansion  with a corresponding  gain i n  air specif ic  impulse. 

If expansion were t o  occur t o  some other Mach nuniber, the curves 
for  equilibrium  expansion would shift r e l a t ive  t o  those for frozen 
expans ion. 

Future  research may show that the degree of chemical  equilibrium 
a t t a ined   i n  a nozzle can be influenced  by varying the residence tfme 
within the nozzle. An increase  in  nozzle length w i l l  then  increase  the 
degree of equilibrium  attained. The air specif ic  inpulse w i l l  be 
raised, provided  the  nozzle drag is not  increased  too much. 
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Figure 1. - Variation of theore t ica l  combustion  temperature 
with  equivalence r a t i o  and i n l e t - a i r  temperature. Corn- 
bustian  pressure, 2 atmospheres. 
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Figure 1. - Continued. Variation of theoreticsl  combustion 
temperature w i t h  equiyalence ratio and inlet-air tempera- 
ture. Conibustim pressme,. 2 atmospheres. 
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Figure 1. - Continued. Variation of theoretical cmbuetion 
temperature w i t h  equivalence ratio and inlet-air tempera- 
ture. Combustion preesure, 2 atmospheres. 
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Figure 1. - Continued. Variation of theoretical cmbuatica 
temperature w t t h  equivalence ra t io  and inlet-air temgera- 
ture. Ccmibustion pressure, 2 atmoqheres. 
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Figure 1. - Continued. Variation of theore t ica l  combustion 
temperature  with  equivalence r a t i o  and in le t -a i r  tempera- 
ture. Conibustion pressure, 2 atmospheres. 
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Figure 1. - ContFnued. Variation of theorezical combustlon 
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Figure 1. - Concluded. Variation of theore t ica l  combustion 

temperature  with  equivalence r a t i o  and Met-a i r  tempera- 
ture .  Combustion pressure, 2 atmospheres. 
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Figure 2. - Continued. Variation of theoretical combustion temperature  Ksth 
conibustion  preesure  at selected equivalence ratios. m t - a i r  temperature, 
100' P. 
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Figure 2.  - Continued. Variation of theoretical conibu~&ian temperam d t h  
cornbution  pressure at selected equivalence ratios.  Inlet-air t e m p e r a m ,  
looo F. 
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Figure 2. - Continued. Varlation of theoretical combustion temparature with 
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coaibustlon pressure at selected equivalence rat ioe.  IrCiet-air tampergtura, 
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Figure 2.  - Continued. Variation of theoretical combustion  ternperatwe w i t h  
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Figure 3. - Variation of theore t ica l  air specif ic  impulse  with 
equivalence r a t i o  and inlet-air temperature. Combustion 
pressure, 2 atmospheres. . 
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Figure 3. - Continued. Variation of theore t tca l  air specif ic  
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Combustion pressure, 2 atMOSphere8. 
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Figure 3. - Continued. Variation of theore t ica l -a i r   spec i f ic  
impulse with equivalence r a t i o  and-inlet-air temperature. 
Combustion-pressure, 2 atmospheres. 
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Figure 3. - Concluded. Variation of theoretical air spectfic 
impulse with equivalence  ratio and inlet-air temperature. 
Couibustion pressure, 2 atmspheres. 
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(a) Octene-1. 

Figure 4. r__Variation of theoretlcal air specific impulse with combustion 
pressure at selected equivalence ra t ios .  . Inht-ah temperature, 100~ F. 
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Figure 4. - Continued. Variation of theoretical air specific Impulse w i t h  
c d u s t i o n  pressure at selected  equivalence  ratios.  Inlet-air temper- 
ture, looo F. 
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Figure 4. - Continued. Vesiation of theoretical air specific  impulse with 
conbustion pressure at selected equivalence  ratios. Inlet-air tempera- 
ture, 100' F. 



54 

t( 
k 
ul 

178 

174 

170 

166 

162 

158 

L54 .2 .4 .6 -8 1.0 2 4 6 8 10 
Cornbution pressure, d m  

(e) 30-~ercent-pent~~tmrane blend 

Figure 4 .  - Continued.. Variation of theoretical air specific impulee with 
combustion  presaure at  selected equivalence r a t l o s .  Inlet-air tempera- 
ture, 100' F.  



NACA RM E55A31 

t- 
N 

M 
M 

II 
k 
aJ 

1 
fl 
h 
0 al m 
v 
h 

v 
fl 

a m .. 

182 

178 

174 

170 

166 

162 

wa 
Combustion pressure, a t m  

( f )  60-Percent-pent&orane  blend. 

Figure 4. - Continued. Variation of theoretical air specific lmpulse with 
combustion pressure at selected equivalence ratios.   Inlet-air  tempera- 
ture, 100' P. 

55 



56 mACA RM E5331 

192 

184 

B O  

17 6 

172 

168 

164 

Combustion preseure, atm 

( 8 )  Pentaborane. 
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(b)  C h a r t  far dstermlnlng variation of cwbusticm t emgeratm  r l th   acabus t ion  pressure and boron aonoentratlm. 
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fraation of fuel heating value required for eis800i~ti0n. 
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